We report results of the relative stability between form I and form II of tolfenamic acid. By performing systematic cluster calculations at the B3LYP/6-31G * level of theory and including the corrections to the dispersion and basis set superposition error, we found that form II is energetically more stable than form I. Furthermore, we found that the formation of dimers has a stabilizing effect compared to individual monomers in the clusters that we have considered.
Introduction
Polymorphs are compounds with the same chemical formula but with different arrangements of the molecules in the solid state. Due to the difference in the physical characteristics between the polymorphs, an understanding of the polymorphs is of the utmost importance for the proper usage of a compound. The studies of polymorphs involve diverse fields, employing experimental and theoretical approaches. However, even though studies are aplenty in this field, there are still questions to be answered, as pointed out in a few recent review articles on polymorphism [1, 2] . To elucidate the stability between different polymorphs, the concept of relative energy is usually used. Apart from the molecular energy or the lattice energy, the energy of molecular conformers and the crystal lattice energies have also been put forward [3, 4] . Since there are interactions between molecules in the crystal, by including the lattice energy, this approach takes into consideration the interaction energy between the molecules and avoids assessing the stability of the polymorphs based on just the stability of the molecular conformer.
In this report, the focus is on a compound known as tolfenamic acid, a nonsteroidal anti-inflammatory drug. Tolfenamic acid was initially found in two forms, the white (form I) and the yellow (form II) [5] . A decade later, this compound was reported to exist in five polymorphic forms [6] . The two most studied forms are shown in Figure 1 . The comparison of the stability of tolfenamic acid was first given by Andersen et al., where it was reported that the yellow form is more stable than the white form based on their analysis of the crystal structures and their physical properties [5] . This is in agreement with the results from the theoretical consideration of the total energy, studied using the periodic calculations [7] . The same conclusion was obtained by Mattei and Li from the calculations of molecules in the gas phase [8, 9] . In addition, these results are in agreement when the density of the forms is considered, where the yellow form is denser than the white form [7] . However, disagreement arises when comparison between the polymorphs is made using the lattice energy. Using solution calorimetry, Surov et al. found that the yellow form is more stable than the white form by 6.7 ± 1.2 kJ mol −1 [7] . This result contradicted with the ones reported by Mattei and Li [9] and Uzoh et al. [10] , where the white form is more stable than the yellow form by ∼3 kJ mol −1 and 2 kJ mol −1 , respectively.
In this study, we embarked on the objective to clarify the contradicting trend of the stability of form I and form II of tolfenamic acid. We will provide energetic perspective from the cluster method. The cluster method is different from other methods as it incorporates the molecules in an explicit Chlorine is represented in green, carbon grey, nitrogen blue, oxygen red, and hydrogen white. The diagrams were generated using Gauss View [16] using the X-ray data from [5] .
way such that the total energy can include the intermolecular interaction energy. Provided that the size of the cluster is sufficiently large, the interaction energies between the molecules will be mimicking the lattice energy. This method corrects the deficiency of certain conformational analysis which only considers the molecule in the gas phase and hence the neglect of intermolecular energies and the crystal packing effect. The details of the method will be discussed in the next section.
Methodology
We performed systematic cluster calculations on the energetic variations when the number of molecules was increased. The coordinates of form I and form II molecules were obtained from the Crystallography Information File associated with the paper by Andersen et al. [5] . To generate the surrounding molecules of a central molecule, we used the "Molecular Shell" feature in the Mercury program [11] . By first selecting the nitrogen atom of the central molecule, we generated its neighbor molecules by specifying the "contact distance range" values, and the molecules that are within that particular contact distance will be shown. By specifying larger values, more molecules will be included. This should give better representation of the intermolecular energy and hence mimic the lattice energy. Starting from 4Å, we increased the contact distance in steps of 1Å until 10Å. By doing this, we have nine clusters (including the one-molecule and dimer cluster) for each of forms I and II. However, some of the clusters generated from the Mercury program contain molecules which are incomplete dimers. Therefore, extra molecules were added manually to complete the incomplete dimers. Hence, we have another set of clusters with complete dimers.
With this, we can compare the results between clusters that contained molecules that are paired and unpaired as dimers.
The largest cluster in this study consists of 36 molecules, which translates into 1080 atoms. It is generated in form II, with contact distance of 8Å, and extra molecules were added so as to form dimers. Figure 2 shows two of the manymolecule clusters modeled.
Computations were performed using G09 suite of programs utilizing DFT at B3LYP level of theory with 6-31G
* as the basis set [12] . Corrections to the basis set superposition error (BSSE) were performed using the geometrical counterpoise program (gCP) [13] . As for the improvement of the B3LYP method to model the dispersion energy, the scheme known as D3 by Grimme et al. [14, 15] was used.
The relative energy per molecule ( rel ) was used to indicate the relative stability. The energies of the molecular crystal were obtained by using a fragment of the crystal. This quantity has the form similar to that used to find the lattice energy:
where total is the total energy of the cluster (including the corrective energies of dispersion ( D3 ) and gCP ( gCP )), is the number of molecules in the cluster, molecule is the energy of the single molecule, and scf is the SCF energy from G09.
Results and Discussion
The results for the systematic cluster calculations are tabulated in Tables 1 and 2 and displayed graphically in Figure 3 . It has to be pointed out that the inclusion of the gCP and D3 corrections (not shown in the tables) rendered the total / more negative than those without (more negative total / is more stable). As D3 are negative values, while gCP are positive, the net result is the increased cohesiveness of the molecules. Hence, the inclusion of the correction schemes gave a more strongly bounded picture for the molecules. The stability of the structures can be seen from the energy per molecule ( total / ). By considering total / of the clusters with completing dimers (the third column in Tables 1(b) 2(b)), form I has total / that is always more positive than the one in form II. This showed that form II is more stable than form I. This result agrees with the ones reported by Surov et al. using the periodic code [7] and Mattei and Li's gas phase calculations [8, 9] . We anticipate that, with the inclusion of more molecules in a cluster, total / will eventually reach a stable limit.
We can see that, in Tables 1 and 2 and Figure 3 , as the number of molecules is increased, the relative energy of the molecules, rel , in larger clusters is decreasing (becoming more negative). This is in line with the notion that as the cluster becomes larger, there are more interactions between the molecules. From Tables 1 and 2 , we found that as extra molecules were added to the existing clusters to create dimers in the clusters, the relative energies are generally lower. Without the completing molecules, there were fluctuations of rel , with some rel in larger clusters having a more positive value than those of smaller cluster (as seen in the blue curves of Figures 3(a) and 3(b) ), indicating that some of the molecules in smaller cluster are more stable than those in the larger clusters. This result may be due to the stabilizing effect of the intermolecular interactions between the two molecules that form the dimer. The existence of the molecules as dimers, as in the solid state, has strengthened the overall interactions in the cluster. This stabilizing effect is absent for incomplete dimers. Thus, models with incomplete dimers will give the incorrect pictures of the stability of the clusters. This is especially true when the number of molecules in the cluster is low. As the size of the clusters increases, generally, the decrease of the relative energy is smaller. The trend can be seen from the last points of the graphs in Figures 3(a) and 3(b) , where the gradient of the curve is decreasing compared to the initial increase from the 1-molecule cluster. However, calculations involving larger clusters are out of reach of our current computing capability.
Conclusion
We have performed calculations involving forms I and II of tolfenamic acid. By systematic calculations using B3LYP/6-31G * with correctional schemes, it was found that form II is Physics Research International 5 more stable than form I. We also found that, for the molecules of forms I and II of tolfenamic acid, the relative energies were influenced by the formation of complete dimers. For clusters with complete dimers, rel is lower compared to clusters of similar size but with incomplete dimers. We attribute this to the fact that intermolecular interactions between molecules in a complete dimer are energetically more favorable compared to a molecule in an incomplete dimer.
